The role of cellular Rab GTPases that govern traffic between different endosome populations was analysed on foot-and-mouth disease virus (FMDV) infection. Changes of viral receptor specificity did not alter Rab5 requirement for infection. However, a correlation between uncoating pH and requirement of Rab5 for infection was observed. A mutant FMDV with less acidic uncoating pH threshold was less sensitive to inhibition of Rab5, whereas another mutant with more acidic requirements was more sensitive to inhibition of Rab5. On the contrary, opposed correlations between uncoating pH and dependence of Rab function were observed upon expression of dominant-negative forms of Rab7 or 11. Modulation of uncoating pH also reduced FMDV virulence in suckling mice. These results are consistent with FMDV uncoating inside early endosomes and indicate that displacements from optimum pH for uncoating reduce viral fitness in vivo.
Foot-and-mouth disease virus (FMDV), the aetiological agent of an important disease of cloven-hoofed animals, is the type species of the genus Aphthovirus within the family Picornaviridae (Grubman & Baxt, 2004; Sáiz et al., 2002) . FMDV infects cells by binding to different a v b integrins although tissue culture-adapted variants can also use heparan sulfate glycosaminoglycans (HS) or other uncharacterized receptors (Ruiz-Sáenz et al., 2009) . FMDV isolates using integrins undergo clathrin-mediated endocytosis to gain entry into early endosomes (EE) (Berryman et al., 2005; Jackson et al., 1996; Martín-Acebes et al., 2007; O'Donnell et al., 2005) , while variants that bind HS are internalized through caveolae and transferred to EE (O'Donnell et al., 2008) . Following similar principles shared by a wide variety of viruses, penetration of FMDV is triggered by acidic pH inside endosomal compartments (Vázquez-Calvo et al., 2012) . The current model suggests that uncoating should mainly take place inside EE, since FMDV particles disassemble at pH values around 6.5 (Curry et al., 1995; Knipe et al., 1997; Martín-Acebes et al., 2010 , 2011 , which is consistent with pH values inside EE, 6.1-6.8 (Huotari & Helenius, 2011; Jovic et al., 2010) . Supporting this hypothesis, expression of a dominant-negative (DN) form of Rab5 GTPase (a small GTPase that governs traffic of EE) inhibited infection by type O FMDV (Johns et al., 2009 ).
The effect of the expression of a DN Rab5 GTPase was tested on the infection of FMDV C-S8c1, a plaque-purified derivative of a type C field FMDV isolate (Sobrino et al., 1983) , whose entry route is integrin-dependent (Nú ñez et al., 2007) . The requirement of Rab5 by C-S8c1 was compared to that of MARLS, a derivative that uses non-integrin receptors (Baranowski et al., 1998 (Baranowski et al., , 2000 . To this end, BHK-21 cells (ATCC) were transfected with plasmids encoding wild-type (WT) or DN forms of Rab5 fused to green fluorescent protein (GFP) (Gerges et al., 2005) by electroporation using a Gene Pulser XCell (Bio-Rad). Twenty-four hours post-electroporation, cells were infected at an m.o.i. of 1 p.f.u. cell
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, fixed 7 h later, processed for immunofluorescence (Martín-Acebes et al., 2009) and the number of infected cells expressing GFP was scored (Fig. 1a) . In accordance with the results reported for type O FMDV (Johns et al., 2009) , expression of DN Rab5 reduced the infection by C-S8c1 significantly. The extent of this inhibition was similar to that displayed by MARLS. As FMDV capsid disassembles at acid pH losing infectivity, acid sensitivity profiles of C-S8c1 and MARLS were determined by incubation with buffers of different pH values, as reported (Martín-Acebes et al., 2010 , 2011 (Fig. 1b) . This assay has revealed a good association between pH 50 values, defined as the pH values leading to a 50 % loss of infectivity, and those of corresponding pH 50 values determined for capsid disassembly (Martín-Acebes et al., 2011).
The pH 50 for C-S8c1 infectivity was 6.56, very close to previously reported value of 6.58 (Martín-Acebes et al., 2010 , 2011 , and 6.59 for MARLS, confirming that involvement of acidic pH, as well as the dependence on Rab5 GTPase for FMDV uncoating, is not affected by the changes in receptor specificity shown by MARLS.
Acidification is an important step in endosome maturation (Huotari & Helenius, 2011; Jovic et al., 2010) . In this way, variations of the pH threshold for FMDV uncoating could lead to differences in endosomal requirements. To test this hypothesis, the involvement of Rab GTPases in virus infectivity was compared for C-S8c1 and two of its derivatives: one mutant with less acidic requirement for capsid disassembly termed c2 2 pH 50 of 6.95 - (Martín-Acebes et al., 2010) , and another mutant with more acidic requirement termed m6 2 pH 50 of 6.11 - (Martín-Acebes et al., 2011) . Expression of either WT or DN fusion Rab proteins was confirmed by fluorescence microscopy and Western blotting (Fig. S1 , available in JGV Online). Expression of DN Rab5 inhibited infection by C-S8c1 and by the two mutants (Fig. 2a) , although differences in the extent of inhibition were noticed, being higher for m6 and lower for c2. A direct correlation between the percentage of infected cells expressing DN Rab5 and pH 50 (selected as an estimation of pH for disassembly) was found ( Fig. 2b) , highlighting that uncoating pH was directly related to Rab5 function. On the other hand, the expression of DN Rab7 (Gerges et al., 2005) , a GTPase involved in traffic from EE to late endosomes (LE) (Poteryaev et al., 2010) , did not induce a significant reduction of infection by any of the viruses tested ( Fig. 2c) , which was consistent with previous results with type O FMDV (Johns et al., 2009) . However, when the percentage of infected cells expressing DN Rab7 was plotted against pH 50 values of the viruses, an inverse correlation was found (Fig. 2d) , in contrast to the direct correlation obtained for Rab5. The effect of the expression of DN Rab11 (Gerges et al., 2005) , a GTPase involved in traffic from EE to recycling endosomes (RE) (Schwartz et al., 2007) was also analysed (Fig. 2e ). As described for type O FMDV (Johns et al., 2009) , no statistically significant inhibition of viral infection was noticed. However, an inverse correlation between the percentage of infected cells expressing DN Rab11 and pH 50 values of the viruses was found again (Fig. 2f) . Transfected cells were alternatively infected with lymphocytic choriomeninigitis virus (LCMV) , whose acid-dependent mechanism of entry is independent of Rab5 or Rab7 activity (Di Simone & Buchmeier, 1995; Quirin et al., 2008) . No inhibition of LCMV infection was derived from expression of DN forms of these GTPases (Fig. 2a, c and e) , confirming the specificity of the results obtained for FMDV. Mutants c2 and m6 only differ in two (c2) and one amino acid (m6) relative to the parental virus C-S8c1, and these mutations that are located at structural proteins, modulate capsid disassembly, whilst they do not affect viral multiplication in cultured cells (Martín-Acebes et al., 2010 , 2011 . Thus, the differences observed between these viruses upon expression of DN Rabs are probably related to differences of entry and uncoating (processes in which the capsid plays major roles) rather than of other aspects of the virus life cycle, such as replication. Therefore, the analysis of the correlations between Rab5 and Rab7/11 and viral pH 50 values uncover an opposite relationship between uncoating pH and the requirement of Rab proteins controlling entry into EE (Rab5) and those controlling exit from EE either to LE (Rab7) or to RE (Rab11).
These results obtained with mutant viruses are consistent with an FMDV uncoating that mainly takes place inside EE. Endosomal maturation and its consequent acidification ) with C-S8c1 or MARLS at 24 h post-electroporation. Infected cells were fixed and processed for immunofluorescence (7 h post-infection) using antibody 5C4 (Lea et al., 1994) and a secondary antibody coupled with Alexa Fluor 555 (Invitrogen) as described previously (Martín-Acebes et al., 2007) . The bars represent mean percentage of transfected and infected cells±SD normalized to the level of infection of cells expressing the WT Rab protein. At least 300 transfected cells expressing GFP fusion proteins were scored in each case in three independent experiments. (b) Acid sensitivity profiles of C-S8c1 and MARLS. Equal amounts of the different viruses were treated with acid buffers at different pH values for 30 min, neutralized and plated as described previously (Martín-Acebes et al., 2010 , 2011 . Infectivity was calculated as the percentage of p.f.u. recovered relative to that obtained at pH 7.5. are gradual processes regulated by Rab5 to Rab7 conversion (Huotari & Helenius, 2011; Poteryaev et al., 2010) . According to this, mutant m6, which is more dependent on lower pH for infection, exhibited greater inhibition by DN Rab5 because its pH 50 (6.1) is close to the lower end of the EE pH gradient. On the other hand, mutant c2 that is less dependent on lower pH for infection was less inhibited by the DN Rab5. However, the infection of parental C-S8c1 and both mutant viruses was not significantly reduced by expression of the DN Rab7 and Rab11, indicating that the uncoating process probably does not occur in LE or RE as shown previously for type O FMDV (Johns et al., 2009) . Interestingly, mutant virus m6, that requires lower pH for disassembly, exhibited better infection compared with the c2 mutant, when function of Rab7 or Rab11 was inhibited. This phenomenon may be explained because once the trafficking from early to medium to late endosome is shut off by DN Rab7, mutant m6 accumulates in the early to medium endosomes rather than being partially transported through late endosome to lysosomes for degradation, as it has been previously suggested (Berryman et al., 2005; O'Donnell et al., 2005) . As a result, the infectivity for m6 was higher in DN Rab7-transfected cells. Regarding the involvement of Rab11 in FMDV infection, it has been suggested that uncoating may not be exclusive to EE and that a small amount of infection could occur from within the RE due to the effect of DN Rab11 expression (Johns et al., 2009 ). This hypothesis is compatible with the inhibition of the c2 virus observed in this study, which was more sensitive to the expression of the DN form of this GTPase (although the differences were not significant), suggesting that uncoating of the c2 virus could take place in a population of EE more close to RE than C-S8c1 and m6 viruses.
To address whether uncoating differences, leading to different requirements of Rab GTPases in cultured cells, affected infectivity in vivo, the virulence of FMDV variants differing in uncoating pH (C-S8c1, c2 and m6) was assayed in suckling mice, as described previously (Baranowski et al., 2003; Gutiérrez-Rivas et al., 2008) . Viral stock dilutions were inoculated intraperitoneally and dead animals were scored up to 9 days after inoculation to estimate LD 50 values (Table 1) . When LD 50 values were compared with the p.f.u. ml 21 determined for the viral stocks used, a decrease in mouse infectivity, relative to that of C-S8c1, of about twofold and tenfold was observed for mutants m6 and c2, respectively. The presence of nucleotide replacements described for c2 2 C2903T (VP3 A118V) and Uncoating pH (pH 50 )
Uncoating pH (pH 50 )
Uncoating pH (pH 50 ) R 2 = 0.9993 ) as a control. Cells were fixed (7 or 24 h postinfection for FMDV and LCMV, respectively) and stained by immunofluorescence (Martín-Acebes et al., 2007) using antibody 5C4 (Lea et al., 1994) to detect FMDV-infected cells or antibody 1.1.3 to detect LCMV (Urata et al., 2011) . Alexa Fluor 555 secondary antibodies were used in both cases. A3346G (VP1 N47D) (Martín-Acebes et al., 2010) , and m6, A3256G (VP1 N17D) 2 (Martín-Acebes et al., 2011) was confirmed by nucleotide sequencing of RNA from dead mouse homogenates (two animals per mutant), indicating that revertant viruses had not been selected in dead mice (data not shown). No additional mutations in the capsid of viruses recovered from dead animals were found, indicating that compensatory mutations were not selected in dead animals. This lack of reversion was consistent with previous results obtained from infections performed in cultured cells, in which these mutations were maintained after six passages in absence of the selective pressure applied to isolate mutants c2 and m6 (Martín-Acebes et al., 2010 , 2011 . The difference in virulence between c2 and m6 indicates that the alteration of uncoating pH of FMDV exhibited by mutant viruses carries a reduction of viral fitness in vivo, although it had no noticeable effects on cultured cells (Martín-Acebes et al., 2010 , 2011 . The higher reduction of the virulence exhibited by the c2 virus could also be related to differences on particle stability that can affect infection in vivo, since particles from this mutant display an increased tendency to dissociation not observed for the m6 virus (Martín-Acebes et al., 2010 , 2011 .
In summary, we have studied the relationships between receptor specificity, uncoating pH and Rab requirements for FMDV infectivity. Changes of receptor specificity of FMDV did not alter either uncoating pH or Rab5 requirement. However, modulation of uncoating pH correlated with differential sensitivity of infection to inhibition of different Rab GTPases function, and also reduced virulence in suckling mice. These results reveal a relationship between dependence on Rab GTPases and uncoating pH of FMDV, and are consistent with the current model of uncoating mainly occurring inside EE. dDifferent dilutions of the corresponding viral stock were inoculated intraperitoneally (in a group of ten mice each) and LD 50 values were determined as described previously (Muench, 1935) .
